The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters.
Tuberculosis (TB) causes almost 2 million deaths annually, and an increasing number of patients are resistant to existing therapies. Patients who have TB require lengthy chemotherapy, possibly because of poor penetration of antibiotics into granulomas where the bacilli reside. Granulomas are morphologically similar to solid cancerous tumors in that they contain hypoxic microenvironments and can be highly fibrotic. Here, we show that TB-infected rabbits have impaired small molecule distribution into these disease sites due to a functionally abnormal vasculature, with a low-molecularweight tracer accumulating only in peripheral regions of granulomatous lesions. Granuloma-associated vessels are morphologically and spatially heterogeneous, with poor vessel pericyte coverage in both human and experimental rabbit TB granulomas. Moreover, we found enhanced VEGF expression in both species. In tumors, antiangiogenic, specifically anti-VEGF, treatments can "normalize" their vasculature, reducing hypoxia and creating a window of opportunity for concurrent chemotherapy; thus, we investigated vessel normalization in rabbit TB granulomas. Treatment of TBinfected rabbits with the anti-VEGF antibody bevacizumab significantly decreased the total number of vessels while normalizing those vessels that remained. As a result, hypoxic fractions of these granulomas were reduced and small molecule tracer delivery was increased. These findings demonstrate that bevacizumab treatment promotes vascular normalization, improves small molecule delivery, and decreases hypoxia in TB granulomas, thereby providing a potential avenue to improve delivery and efficacy of current treatment regimens. antiangiogenesis | hypoxia | host-directed therapy | Mycobacterium tuberculosis | rabbit model A s one of the most prevalent infectious diseases in the world today, Mycobacterium tuberculosis (MTB) infects roughly one-third of the global population, resulting in 2 million deaths annually (1) . Although current treatment regimens are largely successful in curing the disease (2), they require 6-8 mo of treatment with up to four agents (3) , and multidrug-resistant bacterial strains have emerged and proliferated (4) . Resistance to front-line therapies necessitates treatment with up to five or six second-line agents that are poorly tolerated, and treatment success is only achieved in 40-70% of patients (5) . Failure to cure drug-resistant disease leads to acquisition of further resistance with a progressively poorer prognosis for these patients, thus fueling an emerging epidemic of drug-resistant disease that threatens to overwhelm fragile health care systems in developing countries (6) .
When infected with the tuberculosis (TB) bacilli, the body triggers an immune response that walls off the bacteria in dense cellular masses known as granulomas, or tubercular lesions (7) .
These abnormal tissue structures, which can vary in size within the same host, are surrounded by fibrous cuffs that serve to contain the MTB bacilli (7, 8) . Recent studies have demonstrated a wide variation in the spatial distribution of drugs within TB granulomas, with very few agents able to penetrate the central regions (9) . This differential ability of drugs to penetrate TB granulomas has been incorporated into modern TB drug development programs as a criterion for optimizing lead molecules and selecting efficacious combinations (10) . However, the mechanisms that contribute to this differential penetration of Significance Tuberculosis (TB) is the second most lethal pathogen worldwide. Pulmonary granulomas are a hallmark of this disease. By discovering similarities between granulomas and solid cancerous tumors, we identified a novel therapeutic target for TB, the abnormal granuloma-associated vasculature that contributes to the abnormal granuloma microenvironment. We then asked if we could "normalize" granuloma vasculature by blocking VEGF signaling, an approach originally shown to enhance cancer treatment. Our results demonstrate that bevacizumab, a widely prescribed anti-VEGF antibody for cancer and eye diseases, is able to create more structurally and functionally normal granuloma vasculature and improve the delivery of a low-molecular-weight tracer. This effect suggests that vascular normalization in combination with anti-TB drugs has the potential to enhance treatment in patients with TB.
drugs are not fully understood, and novel strategies to improve TB drug delivery and efficacy are urgently needed.
Following infection with MTB, pulmonary granulomas form in humans and develop heterogeneous microenvironments, often featuring hypoxia (i.e., low levels of oxygen) and central necrosis, which are recapitulated in nonhuman primate and rabbit models of the disease (11) . Large lesions appear to develop their own vasculature, presumably allowing them to continue to grow (7) . However, the morphological and functional characteristics of granuloma-associated vessels are largely unknown. In solid tumors, cancer cells can form similar dense tissue masses with abnormal associated vasculature. The physiological abnormalities that characterize tumor vessels have been investigated extensively (12, 13) . For example, hypoxia, a common feature in solid tumors, stimulates the overproduction of proangiogenic factors, such as VEGF. Proangiogenic factors enhance the formation of new immature, tortuous, and hyperpermeable vessels (12, 14) , often with excess endothelial cells, a lack of associated pericytes (i.e., perivascular cells), and uneven basement membranes (15) (16) (17) . These atypical features result in an impaired blood flow that further compromises delivery of drugs and oxygen (13) . Hypoxia also causes immunosuppression, inflammation, and fibrosis, and it can also confer resistance to many drugs (18) . Here, we propose that TB granulomas share many characteristics with solid tumors, namely, that they are associated with abnormal and dysfunctional vasculature that can impair the delivery of small molecules, such as oxygen and antibiotics.
Because VEGF is a critical growth factor required for new blood vessel formation (16) , anti-VEGF agents were originally developed to block tumor growth by inhibiting blood vessel formation (19) . However, bevacizumab, a humanized monoclonal antibody developed to neutralize human VEGF, failed to improve survival benefit as a monotherapy but conferred survival benefit only in combination with chemotherapy or immunotherapy (18) . A potential explanation for the success of combined therapies is that bevacizumab "normalizes" the abnormal vasculature of tumors, resulting in improved delivery of concurrently administered anticancer drugs, as well as alleviation of hypoxia (13, 15, 18, 20, 21) . However, this strategy has not been tested in a TB disease model. In this study we show, for the first time to our knowledge, in a rabbit model of TB that treatment with bevacizumab normalizes granuloma vasculature, reduces hypoxia, and enhances small molecule delivery during a "window of normalization," a transient effect observed in tumors (15, 20) . Because anti-VEGF drugs have been approved for both malignant and nonmalignant diseases (18) , our findings could be rapidly tested in the clinic to enhance TB treatment, shorten treatment duration, and avert the development of treatment resistance.
Results
Human and Rabbit TB Granulomas Express VEGF. First, we examined VEGF expression levels in histological sections from patients with TB who had received elective lung resection surgery and from experimentally infected rabbits ( Fig. 1 ). Granulomas are characterized by concentric layers of differing cellular composition, often organized around a central necrotic core (8) . The predominant cells found in the outer layer are lymphocytes, whereas those cells nearer the necrotic core are primarily epithelioid macrophages ( Fig. 1) ; these two layers are frequently surrounded by a fibrotic rim (8) . We observed that VEGF was detectable in the granulomatous regions of the lung ( Fig. 1 A and C) and that it was most highly expressed in the inner macrophage layer ( Fig. 1 B and D) of both human and rabbit granulomas. We examined similarly sized lymphoid aggregates in human lungs ( Fig. S1 A and B ) and rabbit lungs (Fig. S1 C and D), and found that VEGF expression was minimal in these structures, where lymphocytes are the dominant cell type.
Microvessels in TB Granulomas Are Morphologically and Spatially
Heterogeneous. To assess blood vessel morphology and spatial distribution in granulomas, we double-stained tissue sections with antibodies detecting CD31 for endothelial cells and α smooth muscle actin (αSMA) for pericytes ( Fig. 2 ). We found that TB granulomas have a lower overall density of microvessels compared with normal lung tissue in both humans ( Fig. 2 A-C) and rabbits ( Fig. 2 D-F). Analysis of the spatial distribution of the vessels within granulomas showed a higher microvessel density (MVD; quantified as the number of microvessels per square millimeter of viable tissue) in the granuloma periphery (i.e., a rim of CD31-positive vessels) that dramatically decreases to an avascular central region, as quantified in rabbit tissues ( Fig.  2G ). Furthermore, we observed that many granuloma-associated vessels were compressed or collapsed in the interior region of granulomas, as indicated by a lack of open lumen in some CD31positive vessels. Pericytes, which support the endothelial layer of blood vessels, play a key role in vessel maturation and function (16, 22) . Therefore, we also analyzed the fraction of CD31positive vessels surrounded by αSMA-positive cells. In the normal lung, αSMA-positive cells were seen mostly surrounding larger vessels and were sparse around microvessels ( Fig. 2 A and  D) . Furthermore, TB granuloma-associated vessels were found to have spatially heterogeneous αSMA-positive coverage, which was even more sparse than the αSMA-positive coverage of the normal lung ( Fig. 2 C and F) . These results suggest that the granuloma vasculature is abnormal both morphologically and structurally.
TB Lesion-Associated Blood Vessels Are Functionally Abnormal. To evaluate the function of TB granuloma blood vessels, we analyzed the delivery and distribution of the fluorescent probe Hoechst33342 (Hoechst), a low-molecular-weight dye that serves as a model for small molecule first-line anti-TB agents, in MTBinfected rabbits that had been sacrificed 7 min after i.v. administration of this agent (Fig. 3 ). Although this small molecule was well distributed and gave an intense fluorescent signal throughout normal lung parenchyma, its intensity was found to be very low in granulomas and it was heterogeneously distributed (Fig. 3A) . Analysis of the spatial distribution of this small molecule showed a statistically significant higher concentration in the periphery of the lesion, falling off rapidly toward the central necrotic region (Fig. 3B ), correlating with high MVD in this region ( Fig. 2G ).
Bevacizumab Treatment Reduces Vessel Number and Increases Vessel
Pericyte Coverage and Lumen Area. Because the vasculature in TB granulomas was found to be structurally and functionally abnormal, with impaired small molecule delivery, we next treated TB-infected rabbits with bevacizumab (Avastin; Genentech, Inc.) administered at a dose of 5 mg/kg i.v. once weekly (23) . Granulomas were analyzed 3 and 8 d posttreatment from necropsied rabbit tissues. Granuloma-associated vasculature was assessed using a custom-built semiautomatic vessel segmentation algorithm (Visiopharm). This program was used to select for endothelial cells, pericytes, and vessel lumen in CD31/αSMA double-stained rabbit lung tissues. Representative images of vessels in the control and treated groups show the differences seen in vessel morphology with bevacizumab treatment (Fig. 4A ). We found that the vessel area (i.e., average area of the granuloma-associated vessels) was significantly increased 3 and 8 d after bevacizumab treatment compared with controls ( Fig. 4B ). We also found that the number of vessels per granuloma was reduced 8 d posttreatment compared with 3 d posttreatment (Fig. 4C) . The MVD featured a decreasing trend at both 3 and 8 d posttreatment, although this difference was not statistically significant (Fig. S2 ). Furthermore, we found that the pericyte coverage of granuloma-associated vessels, quantified as the average area of pericytes per vessel, was significantly increased at both 3 and 8 d posttreatment, and that the vessel lumen, quantified as average lumen area per vessel, was also significantly increased 3 d posttreatment compared with the control group ( Fig. 4 D and E) .
Bevacizumab Treatment Improves Hoechst Delivery and Oxygenation in TB Granulomas. In cancer, normalization of vessels and improvements in vascular perfusion can enhance the intratumoral distribution of both low-and high-macromolecular-weight drugs in tumors (18, 20, 21) . Because bevacizumab treatment normalized the structure and morphology of granuloma vasculature, we investigated if small molecule delivery had been improved via normalization of vessel function. Hoechst delivery to granulomas was quantified as an area fraction ( Fig. 5 ). There was a significant increase in dye delivery to TB lesions 3 d after bevacizumab treatment compared with control animals (Fig. 5B ). Although the level of dye penetration was increased 8 d posttreatment, the area fraction was not significantly higher compared with the controls. Of note, bevacizumab treatment did not affect TB granuloma volume, density, or activity, as assessed via [ 18 F]fluorodeoxyglucose (FDG)-positron emission tomography (PET)/computed tomography (CT) ( Fig. S3 A-C) .
Large TB granulomas are characterized by the presence of central necrosis surrounded by a rim of hypoxic cells in necrotizing granulomas (11) , as seen in representative images from the rabbit model (Fig. 6A) . The hypoxic area fraction of the viable (i.e., nonnecrotic) granuloma tissue from treated rabbits was Fig.  6B ), but the necrotic fraction ( Fig. 6C ), overall volume (Fig. S3A) , and density (Fig. S3C) , as assessed by CT, were not different, suggesting a true reduction in the hypoxic fraction. Treatment with bevacizumab did not change the bacterial burden of lesions or the adjacent lung tissue (Fig. S3D ).
Discussion
TB treatment in drug-susceptible disease fails due to resistance in as many as 1-5% of patients despite simultaneous treatment with four active agents (24) . Theoretically, the emergence of resistance should be very difficult in the face of four agents (25) . Recent results using scanning mass spectrometric imaging of drug penetration in TB lesions suggest that different drugs have differential abilities to diffuse into TB lesions, resulting in discrete spatial localization of different agents (9, 10) , which suggests that drug delivery is limited in regions of TB lesions and that bacterial populations in specific locations may be subjected to, effectively, monotherapy. Understanding of the mechanisms that limit TB drug delivery is urgently needed for the development of effective treatments. Similarly, cancer treatment can be hindered by limited drug delivery (26, 27) . Characterization of the abnormal tumor vasculature has had a profound influence on understanding tumor progression and the limitations of treatment. The concept of vascular normalization using judicious doses of antiangiogenic drugs (e.g., bevacizumab) has offered a clinically translatable approach to overcome some of these limitations (13, 18) . Therefore, we sought to exploit the similarities between blood vessels formed in tumors and blood vessels formed in TB granulomas to understand the impact of these structures on TB disease progression and examine the potential normalizing effect of antiangiogenic therapy on the structure and function of granuloma-associated vessels.
Granulomas in the rabbit TB model used in this study are known to harbor regions of hypoxia and necrosis (11) . Hypoxia is known to increase production of proangiogenic cytokines, including VEGF, in solid tumors (19) . Indeed, we found that VEGF is highly expressed in granulomas compared with normal lung tissue in both the rabbit model and samples of human patients with TB. TB granulomas, similar to solid tumors, contain spatially heterogeneous vessels that are compressed or collapsed. These vessels are structurally abnormal, with a lack of pericyte coverage, and dysfunctional, as demonstrated by poor delivery of Hoechst dye. In solid tumors, the abnormal vasculature creates an abnormal tumor microenvironment (i.e., interstitial hypertension, hypoxia, acidosis) that fuels tumor progression and treatment resistance. Hypoxic tumor cells often show a more aggressive phenotype with enhanced metastatic potential (28) . Furthermore, the hostile microenvironment impairs the function of antitumor immune cells (29) . Importantly, tumor response to therapy is also affected because hypoxic tumor cells often demonstrate reduced sensitivity to radiation and chemotherapy (18) , and the delivery of systemically administered chemotherapeutics into tumors is impeded (18) . Previous studies showed that in MTB, hypoxia triggers a set of adaptive transcriptional programs by the bacteria that result phenotypically in dramatic reductions in drug susceptibility (30) .
Given these physiological similarities between vasculatures in TB granulomas and solid cancerous tumors, we next assessed the ability of bevacizumab to normalize granuloma-associated vasculatures. In solid tumors, to reach cancer cells, blood-borne therapeutic agents must cross vessel walls and diffuse through the intervening interstitium (31) . The structural and functional abnormalities of tumor vasculature hinder drug delivery, and the delivery and efficacy of blood-borne antitumor agents are impaired as a result. A number of anti-VEGF agents have been shown to normalize tumor vessel structure and function in animal models and patients (18) . In the hope of applying this concept to TB to improve drug delivery, we treated TB-infected rabbits with bevacizumab, a VEGF-neutralizing antibody. Moreover, a recent complimentary study has demonstrated that inhibiting the VEGF receptor early in infection in a zebrafish model of TB reduced pathogenicity and improved treatment efficacy (32) .
In the rabbit TB model, bevacizumab treatment did not result in aggravation of the disease state, evidenced by no significant change in lesion volume, density, or inflammation, as measured by FDG uptake, and bacterial load. However, we found that immature vessels are pruned by bevacizumab treatment and that the remaining vessels are structurally normalized, as indicated by an increase in vessel pericyte coverage. The improved vessel structure is associated with an increase in average vessel lumen area. Because the nonpruned vessels are either already associated with or have actively recruited pericytes, the vessel walls become more structurally normal and are better able to resist compression or collapse. This pruning effect explains why vessel area is increased 8 d posttreatment despite the reduction in vessel number.
We found that hypoxic areas in granulomas were significantly reduced by bevacizumab 3 d posttreatment and that delivery of the Hoechst dye was significantly increased at that time point. By 8 d posttreatment, however, hypoxia rebounded and the Hoechst dye area was no longer significantly increased. These data suggest that by day 8, although the granuloma-associated vessels are more structurally and functionally normal than vessels in control granulomas, the reduction in the number of vessels due to vascular pruning cannot sustain the maximal level of small molecule delivery that was observed 3 d posttreatment. Thus, our data show that bevacizumab treatment leads to a transient "window of opportunity" between the start of treatment and 8 d posttreatment, during which the granuloma-associated vasculature is structurally typical and features improved functionality in terms of oxygen and small molecule delivery, as has been observed in tumor studies. Although the Hoechst dye used is an imperfect model for TB drugs, our results suggest that permeation of some drugs will be enhanced in granulomas. The effective concentration of drug in the compartments bearing bacteria will be based on perfusion into and diffusion out of these lesions, and will need to be assessed on a drug-by-drug basis to optimize killing of the bacteria. These results suggest that delivery of some drugs into granulomas would be improved during this window, which would be the optimal time to administer either higher dose therapies or boost drugs given intermittently.
In summary, our study suggests that TB granulomas feature abnormal vasculature and that bevacizumab is transiently able to normalize granuloma-associated vessel structure and function. Although human disease may have a longer duration of chronicity, the lesions are strikingly dynamic (33) and their overall structure with respect to vasculature is remarkably similar to the lesions in rabbits; therefore, we expect a similar response with antiangiogenic agents in humans as we have seen in this animal model. Nonetheless, there may be lesions with differential structure resulting from irreversible pathology, such as cavities that were not assessed in this analysis, that would behave differently in response to antiangiogenic treatment. If administered in conjunction with anti-TB drugs, antiangiogenic agents, such as bevacizumab, have the potential to improve the delivery of antimicrobial drugs into granulomas and stimulate sensitivity to drug treatment through improved oxygen delivery into the lesions during the window of normalization. Furthermore, this type of "host-directed therapy" that targets the abnormal granuloma vasculature and reduces hypoxia may lead to a more robust immune response again the bacteria. Through this mechanism, vessel normalization has the potential to reduce the overall duration of TB chemotherapies and possibly avoid localized exposure of the bacterium to monotherapy, thereby avoiding the development of drug resistance, which is one of the main issues in the global control of TB. Fig. 5 . Bevacizumab treatment enhances low-molecular-weight dye delivery in rabbit granulomas. (A) Amount of Hoechst delivered into the granuloma was assessed in immunofluorescent images by quantifying the area fraction of Hoechst (green) of granulomas (dense blue regions), that is, the Hoechst dye area per viable granuloma area, as shown in the representative images. (Scale bars: 100 μm.) (B) Amount of Hoechst delivered to TB lesions was found to be significantly higher 3 d after bevacizumab treatment compared with controls (*P = 0.04); by 8 d posttreatment, however, the area fraction was no longer significantly higher than the area fraction in untreated animals. Immunohistochemical sections of rabbit granulomas were quantified for necrosis (N) and hypoxia (brown) via pimonidazole staining, as shown in representative images. (Scale bars: 500 μm.) (B) Hypoxic fraction of the viable (nonnecrotic) granuloma tissue area was found to be reduced 3 d posttreatment with bevacizumab (*P = 0.03), but this reduction did not persist. At 8 d posttreatment, the hypoxic fraction is significantly higher than in granulomas from day 3 (**P = 0.002). (C) Necrotic fraction is also reduced on day 3, but this reduction is not significant.
Materials and Methods
Human granuloma tissues were obtained from subjects undergoing lung resection surgery for multidrug-resistant TB, who gave consent for the clinical protocol NCT00816426. Female New Zealand White rabbits were infected by aerosol with MTB strain HN878, and were allowed 10-11 wk to develop TB disease pathology, as described previously (11) . Rabbits were treated with 5 mg/kg of bevacizumab (Avastin; Genentech, Inc.) by slow intravascular infusion (23) or with a sham infusion of saline. [ 18 F]FDG-PET/CT was used to monitor granuloma volume, density, and FDG uptake as previously described (11, 34) . Rabbits were killed at the described time points, after pimonidazole (11) and Hoechst (Sigma-Aldrich) injections, and the lung tissues were collected for histology. The tissues were assessed for hypoxia (pimonidazole), small molecule dye delivery (Hoechst), endothelial cells (CD31), and pericytes (αSMA). Experimental procedures are described in detail in SI Materials and Methods.
